ABSTRACT The development of antibiotic resistance by Pseudomonas aeruginosa is a major concern in the treatment of bacterial pneumonia. In the search for novel anti-infective therapies, the chicken-derived peptide cathelicidin-2 (CATH-2) has emerged as a potential candidate, with strong broad-spectrum antimicrobial activity and the ability to limit inflammation by inhibiting Toll-like receptor 2 (TLR2) and TLR4 activation. However, as it is unknown how CATH-2 affects inflammation in vivo, we investigated how CATH-2-mediated killing of P. aeruginosa affects lung inflammation in a murine model. First, murine macrophages were used to determine whether CATH-2-mediated killing of P. aeruginosa reduced proinflammatory cytokine production in vitro. Next, a murine lung model was used to analyze how CATH-2-mediated killing of P. aeruginosa affects neutrophil and macrophage recruitment as well as cytokine/chemokine production in the lung. Our results show that CATH-2 kills P. aeruginosa in an immunogenically silent manner both in vitro and in vivo. Treatment with CATH-2-killed P. aeruginosa showed reduced neutrophil recruitment to the lung as well as inhibition of cytokine and chemokine production, compared to treatment with heat-or gentamicinkilled bacteria. Together, these results show the potential for CATH-2 as a dual-activity antibiotic in bacterial pneumonia, which can both kill P. aeruginosa and prevent excessive inflammation.
against various pathogens, including Gram-positive and Gram-negative bacteria (16, 17) . This broad-spectrum antimicrobial activity has also been observed for chicken cathelicidin-2 (CATH-2) and includes activity against MDR P. aeruginosa strains (15) . In addition, unlike most other cathelicidins, CATH-2 has been shown to retain antimicrobial activity under physiological conditions (18) . Importantly, we recently showed that CATH-2 has a dual function, with regard to both killing Gram-negative bacteria and subsequently inhibiting the inflammatory response against the killed microbe (19). This "silent killing" was demonstrated against Escherichia coli and Salmonella enterica serovar Enteritidis, where CATH-2 neutralizes lipopolysaccharide (LPS) and lipoproteins released from the bacterial outer membrane, which prevents Toll-like receptor 2 (TLR2) and TLR4 activation on macrophages. However, it is unknown whether CATH-2 is able to silently kill other clinically relevant Gram-negatives, such as P. aeruginosa, and whether this reduced inflammation is also observed in an in vivo situation.
This study tests the hypothesis that CATH-2 mediates silent killing of P. aeruginosa both in vitro and in vivo. To test silent killing in vitro, tumor necrosis factor alpha (TNF-␣) and interleukin 6 (IL-6) release by murine macrophages was determined after stimulation with CATH-2-killed P. aeruginosa and was compared to release after stimulation with viable, heat-killed, and gentamicin-killed P. aeruginosa. Subsequently, the in vivo effect of CATH-2-killed P. aeruginosa on leukocyte recruitment and release of cytokines in the bronchoalveolar lavage fluid (BALF) was determined after intratracheal instillation in mice. Overall, this study demonstrates CATH-2-mediated silent killing of P. aeruginosa in both in vitro and in vivo settings and underlines the potential therapeutic value of CATH-2-based anti-infectives.
RESULTS

CATH-2 inhibits P. aeruginosa-induced macrophage activation.
To determine the antimicrobial activity of CATH-2 against P. aeruginosa under physiological cell culture conditions, a colony counting assay was performed in Dulbecco modified Eagle medium (DMEM) plus 10% fetal calf serum (FCS) (Fig. 1A) . The activity of CATH-2 was compared to that of the human antimicrobial peptide LL-37 and equine CATH-1 (eCATH-1). A 5 M concentration of CATH-2 completely killed 3 ϫ 10 5 to 3 ϫ 10 6 CFU/ml P. aeruginosa and decreased P. aeruginosa viability 1,000-fold at 3 ϫ 10 7 CFU/ml. In contrast, LL-37 and eCATH-1 did not show any antimicrobial activity. To determine whether CATH-2-mediated killing resulted in reduced macrophage activation by P. aeruginosa, J774.A1 murine macrophages were stimulated with viable P. aeruginosa in combination with 5 M CATH-2, LL-37, or eCATH-1, after which TNF-␣ production (Fig. 1B ) and IL-6 production ( Fig. 1C ) were determined after 2 h and 24 h, respectively. CATH-2 significantly reduced P. aeruginosa-induced TNF-␣ and IL-6 production, in contrast to LL-37 and eCATH-1, which did not affect cytokine production.
CATH-2 silently kills P. aeruginosa. To determine the effect of bacterial killing on macrophage activation, P. aeruginosa either was left untreated or was heat killed, gentamicin killed, or CATH-2 killed ( Fig. 2A) . Subsequently, J774.A1 macrophages were stimulated for 2 h, after which TNF-␣ release was determined (Fig. 2B ). Live and gentamicin-killed bacteria induced similar levels of TNF-␣ release at 3 ϫ 10 6 CFU/ml, while live P. aeruginosa is more potent at 3 ϫ 10 7 CFU/ml than gentamicin-killed bacteria. Heat-killed P. aeruginosa did not induce TNF-␣ release below 3 ϫ 10 7 CFU/ml, while CATH-2-mediated killing almost completely inhibited TNF-␣ release at all bacterial concentrations, indicating that CATH-2-mediated killing of P. aeruginosa is immunologically silent. Because both CATH-2 and LL-37 were previously shown to inhibit the activation of macrophages by nonviable E. coli (19) , macrophages were also stimulated with gentamicin-treated bacteria (250 g/ml) in combination with CATH-2, LL-37, or eCATH-1, after which TNF-␣ production was measured (Fig. 3A) . Similar to the previously described results with E. coli, both CATH-2 and LL-37 were able to inhibit macrophage activation by gentamicin-treated P. aeruginosa, while eCATH-1 did not affect activation. Furthermore, to determine whether the inhibition is related to the inhibition of TLR activation, J774.A1 macrophages were stimulated with the known P. aeruginosa-derived TLR ligands LPS (Fig. 3B) and flagellin (Fig. 3C ) in the presence of 5 M CATH-2 or LL-37. While LPS-induced TNF-␣ production was potently inhibited by both CATH-2 and LL-37, flagellin-induced activation was unaffected by either peptide.
CATH-2 inhibits P. aeruginosa-induced PMN recruitment in vivo. The results described above show that CATH-2 is able to inhibit in vitro macrophage activation against P. aeruginosa; however, it is unknown whether this inhibitory effect is maintained in an in vivo setting. To determine whether this is the case, heat-killed, gentamicin-killed, or CATH-2-killed P. aeruginosa (2 ϫ 10 6 CFU/ml) was instilled in mouse lungs for 6 h, after which lung function was assessed and leukocyte numbers, cytokine/chemokine release, and total protein content were determined in BALF. Lung compliance and elastance were determined to assess whether the different experimental conditions would affect lung function; however, no significant changes were observed ( Table 1) . Analysis of total cell numbers in the BALF showed that the killing of P. aeruginosa by gentamicin resulted in the highest cell count (Fig. 4A) . Treatment with aeruginosa were incubated with 5 M CATH-2, LL-37, or eCATH-1 in DMEM plus 10% FCS for 2 h at 37°C, after which the viability was assessed by colony counting assays. (B and C) J774.A1 cells were stimulated with various concentrations of P. aeruginosa in combination with 5 M CATH-2, LL-37, or eCATH-1 in DMEM plus 10% FCS for 2 h at 37°C, followed by a double wash and incubation for an additional 22 h in DMEM plus 10% FCS plus 250 g/ml gentamicin. TNF-␣ production (B) was determined after 2 h, while IL-6 production (C) was determined after 24 h. n ϭ 3 or more. Error bars ϭ standard errors of the mean (SEM). Statistical differences are determined by two-way analysis of variance (ANOVA) with Bonferroni's post hoc test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
CATH-2 Prevents Lung Inflammation
Infection and Immunity heat-killed bacteria also increased cell numbers in the BALF, albeit not significantly, and no change in total cell numbers was observed in animals after treatment with CATH-2-killed P. aeruginosa, in comparison to naive animals. In both the heat-killed and gentamicin-killed treatment groups, polymorphonuclear cells (PMNs) were the main cell type in BALF, while macrophages remained the largest portion of cells in the naive mice and mice treated with CATH-2-killed bacteria ( Fig. 4B and C), although mice treated with CATH-2-killed bacteria did show a nonsignificant increase in PMNs compared to the naive mice (PMN counts: naive, 0.09 Ϯ 0.04 cells/ml; CATH-2 treated, 0.68 Ϯ 0.75 cells/ml; heat treated, 7.41 Ϯ 3.10 cells/ml; gentamicin treated, 18.85 Ϯ 6.63 ϫ10 4 cells/ml). In addition, the number of PMNs in the treatment groups correlated with the higher matrix metallopeptidase 9 (MMP-9) levels measured in the BALF (Fig. 4D ), which has previously been linked to PMN influx (20) . Furthermore, no changes in the BALF protein content were detected after treatment with CATH-2-killed, heatkilled, or gentamicin-killed bacteria, although there was a tendency toward higher protein levels in the group that received CATH-2-killed bacteria (Table 1) . CATH-2 inhibits P. aeruginosa-induced cytokine and chemokine secretion in vivo. To further examine the extent of inflammation in the lung, multiplex analysis was performed on various pro-and anti-inflammatory cytokines, as well as various chemokines. Both heat-killed and gentamicin-killed bacteria induced the release of proinflammatory cytokines TNF-␣ (Fig. 5A ) and IL-6 ( Fig. 5B) , while gentamicin-killed bacteria also significantly induced the release of IL-23p19 ( Fig. 5C ) and IL-12p70 (Fig. 5D ) into the BALF. Treatment with CATH-2-killed bacteria resulted in significantly lower concentrations of TNF-␣, IL-6, IL-23p19, and IL-12p70 than did treatment with gentamicin-killed bacteria and did not induce a significant increase in these cytokines compared to those in naive mice (Fig. 5A to D) . Similar induction patterns were observed for granulocyte colony-stimulating factor (G-CSF) (Fig. 5E ), keratinocyte chemoattractant (KC) (Fig. 5F ), and macrophage inflammatory protein 2 (MIP-2) (Fig. 5G) , with gentamicin-killed P. aeruginosa being the strongest inducer of cytokine release, followed by heat-killed FIG 2 CATH-2 silently kills P. aeruginosa. Various concentrations of P. aeruginosa cells were left untreated or were CATH-2 killed, heat killed, or gentamicin killed and used for colony counting assays (A) or stimulation of J774.A1 cells for 2 h (B), after which TNF-␣ release was determined. Statistical differences were determined by two-way ANOVA with Bonferroni's post hoc test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. n ϭ 3. Error bars ϭ SEM.
P. aeruginosa. Treatment with CATH-2-killed P. aeruginosa resulted in values close to those obtained for naive mice, and these values were significantly lower than the cytokine release induced by treatment with gentamicin-killed P. aeruginosa. Furthermore, IL-33 was significantly increased only in the gentamicin-killed treatment group (Fig. 5H) . Levels of IL-1␤, IL-4, IL-10, and monocyte chemoattractant protein 1 (MCP-1) remained low and did not show any significant changes (data not shown).
CATH-2 inhibits inflammation induced by P. aeruginosa killed by gentamicin in vivo. To further explore the anti-inflammatory effects of CATH-2 that are independent FIG 3 CATH-2 inhibits LPS-induced macrophage activation. (A) P. aeruginosa (3 ϫ 10 6 cells/ml) was incubated for 0.5 h with 250 g/ml gentamicin, followed by the addition of 5 M CATH-2, LL-37, or eCATH-1. These mixtures were used for stimulation of J774.A1 cells for 2 h, after which TNF-␣ release was determined. Statistical differences were determined by one-way ANOVA with Dunnett's post hoc test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. n ϭ 4. Error bars ϭ SEM. (B and C) J774.A1 cells were stimulated with P. aeruginosa LPS (100 ng/ml) (B) or P. aeruginosa flagellin (10 ng/ml) (C) in combination with CATH-2 or LL-37, after which TNF-␣ release was determined after 2 h. n ϭ 3. Error bars ϭ SEM.
of its killing activity, CATH-2, LL-37, or porcine myeloid antimicrobial peptide-23 (PMAP-23) was added to gentamicin-killed bacteria and instilled into the mouse lung. Six hours following the instillation, lung lavages were performed and the BALF was analyzed for differential cell counts and for three of the inflammatory mediators, TNF-␣, IL-6, and KC, that showed a marked response in the previous experiment (Fig. 5 ). Compared to control (gentamicin-instilled) animals, animals receiving gentamicin-killed P. aeruginosa had a significant inflammatory response, as indicated by a large increase in the total cell count, percentage of neutrophils, and the concentrations of the three inflammatory cytokines in the lavage fluid (Fig. 6A to F) . Treatment with gentamicinkilled P. aeruginosa that was supplemented with 20 M CATH-2 or LL-37 resulted in a significantly reduced total cell count and percentage of neutrophils, and this was associated with significantly lower concentrations of TNF-␣, IL-6, and KC (Fig. 6A to F) . Administration of gentamicin-killed P. aeruginosa that was supplemented with the a Male C57BL/6 mice were instilled with 50 l of 2 ϫ 10 6 CFU/ml P. aeruginosa, which was either CATH-2 killed (20 M), gentamicin killed (1 mg/ml), or heat killed (90°C, 1 h) . Alternatively, control mice were instilled with an air bolus. After 6 h, lung compliance was determined and lung elastance was calculated. In addition, total protein levels in the BALF were determined. n ϭ 3 or more. Statistical analysis was performed by one-way ANOVA with Bonferroni's post hoc test, but no significant differences were detected.
FIG 4
CATH-2-mediated killing prevents in vivo lung inflammation. Male C57BL/6 mice were intratracheally instilled with 50 l of 2 ϫ 10 6 CFU/ml P. aeruginosa, which was either CATH-2 killed (20 M), gentamicin killed (1 mg/ml), or heat killed (90°C, 1 h). Alternatively, control mice were instilled with an air bolus. After 6 h, total cell counts in BALF (A), as well as macrophage (B) and PMN (C) percentages, were determined by differential cell count. In addition, MMP-9 concentrations in BALF (D) were determined. n ϭ 5 or more. Error bars ϭ SEM. Statistical differences were determined by one-way ANOVA with Bonferroni's post hoc test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001.
non-LPS binding peptide PMAP-23 resulted in an intermediate response for each of the outcomes (Fig. 6A to F) .
DISCUSSION
CATH-2 has previously been shown to cause "silent killing," i.e., to kill bacteria in a nonimmunogenic manner (19) . The current study provides evidence that silent killing by CATH-2 in vitro is not restricted to E. coli and also occurs against P. aeruginosa, a clinically relevant lung pathogen. In addition, our results provide evidence that CATH-2-mediated killing of P. aeruginosa inhibits pulmonary inflammation in a mouse lung model by reducing PMN recruitment and preventing the release of proinflammatory cytokines and chemokines. Based on these data, it is concluded that CATH-2 kills Gram-negative bacteria in an immunogenically silent manner, limiting inflammation both in vitro and in vivo.
While CATH-2 potently inhibits P. aeruginosa-induced macrophage activation, it also strongly inhibits TLR4 activation by P. aeruginosa LPS. This is in line with a previous study, which shows that silent killing of E. coli by CATH-2 is a two-step process in which CATH-2 first kills E. coli and then subsequently neutralizes LPS from the bacterial outer membrane to inhibit TLR4 activation (19, 21) . In contrast, killing of P. aeruginosa by gentamicin, a clinically relevant antibiotic for pneumonia, or, alternatively, by heat treatment was not sufficient to prevent an inflammatory response. For E. coli, it was shown that these methods cause very different morphological changes in E. coli with subsequent differing levels of release of bacterial products (mainly LPS for Gramnegative bacteria), which can lead to an immune response (19) , as observed for P. aeruginosa in the current study. Our results also show that while LL-37 is unable to kill P. aeruginosa under cell culture conditions, it can inhibit macrophage activation by gentamicin-treated P. aeruginosa and inhibit TLR4 activation by P. aeruginosa LPS, since the non-LPS binding peptide eCATH-1 did not possess this activity (Fig. 3A and B) . This corresponds to the previously reported lack of antimicrobial activity of LL-37 against E. coli under cell culture conditions and the inhibition of macrophage activation by LL-37 in the context of nonviable E. coli only (19, 22) . Together, this strongly suggests that both CATH-2 and LL-37 inhibit P. aeruginosa-and E. coli-induced macrophage activation through similar mechanisms but that only CATH-2 has the dual function of killing Gram-negatives under physiological cell culture conditions and subsequently inhibiting macrophage activation.
Notably, these in vitro observations were recapitulated in the in vivo studies. Whereas the in vitro environment provides strong evidence for the role of CATH-2 in limiting macrophage inflammation in the presence of bacterial products, an in vivo environment is more complex, as inflammation will involve multiple cell types, cell migration, and a physiological local milieu that may vary between different airways and alveoli. Despite this complexity, in vivo administration of CATH-2-killed P. aeruginosa resulted in significantly less inflammation, including reduced neutrophil infiltration and lower concentrations of various inflammatory cytokines, compared to that of heat-or gentamicin-killed bacteria. Further, LL-37 was also able to downregulate inflammation in vivo when added to gentamicin-killed bacteria. Based on the in vitro observations,
FIG 6
Effect of cathelicidins on inflammation induced by gentamicin-killed bacteria in vivo. Male C57BL/6 mice were instilled with 50 l of 2 ϫ 10 6 CFU/ml P. aeruginosa killed by gentamicin (4 g/ml), which was supplemented with either CATH-2, LL-37, or PMAP-23 at 20 M, or were instilled without cathelicidin supplementation (saline). Control mice received 50 l of saline containing gentamicin only. After 6 h, total cell counts in BALF (A), as well as macrophage (B) and PMN (C) percentages, were determined by differential cell count, and TNF-␣ (D), IL-6 (E), and KC (F) concentrations in the lavage fluid were determined by ELISA. n ϭ 5 or more. Error bars ϭ SEM. Statistical differences were determined by one-way ANOVA with Bonferroni's post hoc test. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. the mechanism for these effects of both CATH-2 and LL-37 is through limiting TLR4 activation; however, other mechanisms cannot be excluded, specifically since PMAP-23, which lacks LPS binding capability, still reduced inflammation, although to a lesser extent than the other two peptides. Overall, these observations provide evidence for an important role of cathelicidins in mitigating inflammation due to bacterial products that are released when bacteria are killed in vivo.
Clinically, the anti-inflammatory effect of CATH-2 on TLR4 activation may have a strong potential benefit for the development of cathelicidin-based anti-infective therapies for CF patients. In these patients, TLR4-mediated immune activation has been shown to play an important role in inflammation during P. aeruginosa infections. This is partially caused by adaptations of P. aeruginosa to the environment of CF patients' lungs. It has been shown that P. aeruginosa modifies its LPS from a penta-to a hexa-acylated form, which is more potent in the activation of TLR4 (4, (23) (24) (25) . In addition, regulation of immune activation, including TLR4 activation in alveolar macrophages and epithelial cells, appears to be dysregulated in CF patients, in part due to the lack of a functional cystic fibrosis transmembrane conductance regulator (CFTR) (26) (27) (28) . This dysregulation includes the lack of proper TLR4 degradation in lysosomal compartments (29) , as well as a lack of negative feedback upon TLR4 activation (30) (31) (32) , which ultimately causes a higher inflammatory response in the lungs of CF patients. Since CATH-2 has a dual function of both killing P. aeruginosa and inhibiting TLR4 activation, treatment of P. aeruginosa infections in CF patients with CATH-2 (or CATH-2-derived compounds) can potentially reduce bacterial numbers and limit inflammation in the lung.
Another important characteristic of CATH-2 for anti-infective drug development is its antimicrobial activity under complex conditions, which includes solutions containing salt and serum components or bovine lipid extract surfactant (18, 33) . Furthermore, CATH-2 has broad-spectrum antimicrobial activity, which includes activity against MDR P. aeruginosa (15) as well as activity against Staphylococcus aureus, which is another common infectious pathogen in CF patients (34) . While no proof of silent killing of Gram-positives, such as S. aureus, is yet available, CATH-2 has been shown to inhibit macrophage TLR2 activation by S. aureus-derived lipoteichoic acid (19) , suggesting that silent killing might not be restricted to Gram-negatives.
While our study has focused on the ability of CATH-2 to both kill bacteria and mitigate inflammation, other cathelicidins may also have potential beneficial functions in the treatment of lung infections. Our experiments suggest that LL-37 may have benefits as an anti-inflammatory agent that can be combined with antibiotics. In addition, while LL-37 is unable to directly kill P. aeruginosa under physiological conditions, a recent report showed that LL-37 can lower P. aeruginosa bacterial loads in a murine lung model, which appeared to be the result of increased PMN influx in the lung (35) . This indicates that indirect effects can also play an important role in cathelicidinmediated bacterial clearance from the lung and that different cathelicidins might depend on different functionalities to improve the outcome of infections. Furthermore, CATH-2-derived peptides, as well as other cathelicidins, have been shown to exert anti-biofilm activity, which could be important in the context of biofilm formation in CF patients (36) (37) (38) . However, further research is needed to determine if these beneficial properties of cathelicidins can be translated into effective therapies for pneumonia and other infections. Specifically related to our study, future studies should examine the silent killing and potential other effects of CATH-2 in the context of an in vivo P. aeruginosa infection under CF-like conditions.
As with all studies, our experiments are associated with some limitations. For example, our in vivo studies were limited to studying anti-inflammatory effects due to bacterial products of killed bacteria. The advantage of this approach was to solely assess the anti-inflammatory effects of the peptides independent of their bactericidal activities; the ability of CATH-2, and potentially other peptides, to both kill bacteria and mitigate inflammation in vivo requires further study. In addition, a minor limitation, due to logistical issues, was that the in vitro experiments utilized eCATH1, but the in vivo study used PMAP-23, as a non-LPS binding peptide. However, it should be noted thatusing three 1-ml aliquots of sterile saline. The whole-lung lavage fluid was immediately centrifuged at 150 ϫ g at 4°C for 10 min, and the pellet was collected for cell analysis, while the supernatant was collected to measure protein content and cytokine concentrations. Differential cell analysis of the cells obtained in the lavage fluid was done as previously described (39) . Protein content of the lavage fluid was measured using a Micro BCA protein assay kit (Pierce, Rockford, IL, USA), according to the manufacturer's instructions. Levels of mouse cytokines were measured using multiplexed immunoassay kits according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). A Bio-Plex 200 readout system (Bio-Rad) was used, which utilizes Luminex xMAP fluorescent bead-based technology (Luminex Corporation, Austin, TX). Cytokine levels were automatically calculated from standard curves using Bio-Plex Manager software (v.4.1.1; Bio-Rad).
In a second experiment, similar procedures were utilized; however, intubated mice were randomized to receive 50 l of gentamicin-killed bacterial preparations without or with supplementation with 20 M CATH-2, LL-37, or PMAP-23. A group of mice receiving 50 l of gentamicin (4 g/ml in saline) was used as a control group. Six hours following intubation, the mice were euthanized and lung lavage was performed as described above. Differential cell analysis of the cells obtained in the lavage fluid was done as previously described above. The levels of mouse IL-6, KC, and TNF-␣ were measured using ELISA kits per the manufacturer's instructions (R&D Systems, Minneapolis, MN). A Bio-Plex 200 readout system was used (Bio-Rad), and cytokine levels were automatically calculated from standard curves using Bio-Plex Manager software (v.4.1.1, Bio-Rad).
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